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bstract

imultaneous improvement of surface hardness and glossiness of floor tile glaze, without changing its firing temperature, was the main purpose
f the present paper. Thus, various glazes in the system of CaO–MgO–SiO2–Al2O3–ZrO2 were prepared and their crystallization behaviors within
fast firing cycle were investigated. With increasing amounts of calcium and magnesium oxides to base glass, the optimum glass-ceramic glaze
as obtained. The results showed that with increasing of CaO and MgO part weights in frit, the crystallization peak temperature was gradually
ecreased and the intensities of diopside and zirconium silicate were increased. The comparison of micro hardness for the optimum glass ceramic

laze derived in this work with a traditional one used in floor tile industries indicates an improvement of 21%. It was found that the glaze hardness
ot only depend on the amount and type of crystalline phases, but also on the residual glass composition. Furthermore, it was observed that the
laze micro hardness is only slightly affected by thermal expansion mismatch of body and glaze.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

A ceramic floor tile consists of a polycrystalline aluminosili-
ate substrate and an amorphous opaque glaze layer. The surface
ardness of glazed tile (it means surface stability against abra-
ion, scratching) is one of the main characteristics of a tile which
ffects on the surface durability, and its beauty.1 In the traditional
paque glazes used in floor tile industry, opacity usually orig-
nates through hardening of glass matrix by addition of a high
mounts of opacifiers, e.g. zircon, into the batch.2 Although the
entioned glazes have a high erosion and abrasion resistance,

owadays the most researches attend to improve the quality of
lazes by development of new glaze products with more smooth
urfaces and desirable mechanical and chemical properties at the
imilar firing conditions.3,4 These new glazes could be available

y using the glass ceramic production route.

Glass-ceramics in the Li2O–Al2O3–SiO2, CaO–MgO–SiO2–
l2O3 and ZnO–Al2O3–SiO2 systems have been investi-
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ated for designing of fast firing glazes.5,6 Among the
entioned systems, the glaze compositions prepared from
aO–MgO–Al2O3–SiO2 system mainly consist of inexpensive
atural raw materials and are also similar to traditional frits in
oint of ingredients view.5,6 The crystalline phases normally
recipitate in this system are anorthite (CaO–Al2O3–2SiO2),
ordierite (2MgO–2Al2O3–5SiO2), mullite (3Al2O3–2SiO2)
nd diopside (CaO–MgO–2SiO2). The existence of these crys-
alline phases increase the micro hardness of glaze surface.
herefore, as we are able to precipitate micro or even submicron
articles homogeneously in the glass matrix, by using suitable
ucleating agent and cooling procedure the, chance for obtaining
arder and more glossy glaze surface will be more with substitu-
ion the traditional raw glaze composition by the glass ceramic
roduction one.

. Experimental procedure
The raw materials used for preparation of the glazes were
ilica, zircon, kaolin, feldspar, dolomite, magnesium carbonate,
oric acid and potassium nitrate in industrial grade. The weighed
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Fig. 1. Particle size distribution of glaze slip.

atch materials, after thorough mixing were melted in an alu-
ina crucible in an electric furnace at 1450 ◦C for 1 h. The melt
as quenched by pouring into water to obtain a glassy frit. The
laze slips were consisted of 93 parts by weight frit, 7 parts by
eight kaolin (WBB) and 57 parts by weight water. The batches
ere fast-milled for 30 min by a planetary mill. A typical par-

icle size distribution of prepared glaze slips, which has been
easured by Fritsch Particle Size Analysis, analysette 22 are

hown in Fig. 1. The particle size distribution of all glaze slips
as almost similar to this analysis. The glazes were applied on
cm × 5 cm dried floor tile bodies. The glazed bodies were then
ried for 24 h and fired at 1180 ◦C for 10 min according to a fast
ring program in a laboratory electric kiln.

Crystalline phases which were formed in glazes during firing
etected by an X-ray diffractometer (Siemens, model D-500)
ith Cu K� radiation. Silicon powder was also used as the

tandard material for semi-quantitative measurements of precip-
tated phases. A Vickers microhardness tester with a diamond
yramid (MVK-H21 Microhardness) was used to measure the
icro hardness of glaze surface by applying a load of 100 g for

0 s. Thermal expansion coefficients of body and glaze was mea-
ured by dilatometer (Netzch, E402). The microstructure and the
rystallinity of glazes were inspected using a Scanning Electron
icroscope (Lika Cambridge Stereoscan 30).
. Results and discussions

Table 1 shows the chemical analysis of investigated batches
ompositions. In each compound the letters B, C and M refer,

able 1
hemical analysis of glasses (parts by weight)

omposition SiO2 Al2O3 MgO + CaO ZrO2 K2O + Na2O B2O3

55.35 8.32 18.57 9.54 3.64 5.58
-CM5 55.35 8.32 23.57 9.54 3.64 5.58
-CM10 55.35 8.32 28.57 9.54 3.64 5.58
-CM15 55.35 8.32 33.57 9.54 3.64 5.58
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Fig. 2. DTA curves of base glass B, B-CM5, B-CM10 and B-CM15.

espectively to the base glass, calcium and magnesium oxides
nd the numbers means the amounts of CaO and MgO, which
ad been added equally in to the base composition. The pri-
ary glass composition was chosen by consideration of floor

ile firing schedules and also by precipitation of about 40 wt.%
f stoichiometric diopside.

Fig. 2 shows the DTA traces of the various glasses. As it can be
een the crystallization, which occurs in the base glass at 960 ◦C
ecreased gradually to 930 C with increasing of CaO and MgO
mounts. X-ray diffraction (XRD) results of the heat-treated
lasses showed that the DTA crystallization peaks belong to
recipitation of diopside. X-ray diffraction patterns showed that
irconium silicate was also precipitated during heating program
nd firing the glazes at 1180 ◦C (Fig. 3). It seems that zirconium
ilicate is formed gradually afterwards,in a vast temperature
nterval of Tc − Tm, Where Tc and Tm means the crystallization
nd maturing temperatures of the glazes, respectively. As bulk
rystallization of diopside needs a mixture of nucleating agents,
.g. Cr2O3, Fe2O3 and TiO2,7 it seems, as we expected, surface
rystallization was the governor mechanism of crystallization in
his work. Reduction of crystallization peak temperature gradu-
lly in glasses with increasing of their calcium and magnesium
xides means the improvement of crystallization ability due to
ecreasing of diffusion paths of crystallite constituents. It is clear

hat concentration of zirconium ions should be decreased with
ncreasing of CaO and MgO amounts. Therefore, the diffusion
bility of ZrSiO4 constituents is diminished and the crystal-
ization ability of zircon is reduced with CaO and MgO. The
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hardness of other glazes is nearly the same. It is found that
various parameters such as porosity, amount and kind of crys-
talline phases, microstructure and also composition of residual
glassy phase can affect the micro-hardness of a glass-ceramic
ig. 3. XRD patterns of base glass B and B-CM5, B-CM10 and B-CM15 com-
ositions after heat-treatment at 1180 ◦C for 10 min.

ntensity ratio of the noted phases to silicon is shown in Table 2.
ccording to these results and in point of crystallization ability
iew, it was expected that the B-CM15 be more desirable com-
ound. However, as extensive crystallization can retards or even
revents viscous flow of the residual glassy phase, its texture
as unfavorably unfired. On contrary to B-CM15 composition,

he other glazes had a completely fired texture with a white and
mooth surface. Therefore, as melting point of glazes decrease
ith the number of ingredient oxides,8 addition of 2.5 parts by
eight of zinc oxide to B-CM15 composition was considered.
his composition was named B-CM15Z2.5. It should be noted

hat the use of ZnO is common in glaze industry and its low
mounts makes the glaze surface glossier.

Figs. 4 and 5 show the DTA trends and X-ray diffraction pat-
erns of B-CM15Z2.5 and B-CM15 compositions, respectively.
t is observed that while the addition of zinc oxide to the glaze
id not change the crystallization peak temperature of the glaze,
he intensity ratio of precipitated diopside and zircon to silicon
fter firing the glazes at1180 ◦C were decreased from 3.75 to
.32 and 1.04 to 0.9, respectively. Therefore, it seems that the
ddition of ZnO to the glaze leads to dissolution of diopside into
he residual glass phase during firing.
The Vickers micro-hardness of the prepared glass ceramic
lazes and a traditional opaque glaze used in floor tile indus-
ry are shown in Table 3. For evaluation the effect of thermal
xpansion mismatch of body and glaze on glaze micro hard-

able 2
he ratio intensity of diopside peak [2 2 1] and zircon peak [3 1 2] to silicon for
repared glazes

omposition intensity B B-CM5 B-CM10 B-CM15

Diopside/ISilicon 1.12 2.23 2.27 3.57

Zircon/ISilicon 1.28 1.18 0.84 1.04 F
1

Fig. 4. DTA curve of B-CM15 and B-CM15Z2.5 glasses.

ess, the Vickers micro hardness was measured at two different
onditions, as a coating and as a monolayer specimen. The ther-
al expansion coefficients of body and glaze B-CM15Z2.5 (in

5–400 ◦C) were 7.76 × 10−6/◦C and 6.65 × 10−6/◦C, respec-
ively. According to above mentioned results, it can be concluded
hat in addition of a better surface quality, the prepared glazes
ossess higher hardness than the traditional floor tile (about
1%), and the residual compression stresses, derives from ther-
al expansion coefficients mismatch between body and glazes,

an just slightly influences on the surface hardness of glaze layer.
urthermore, the comparison of the Vickers micro-hardness of
ifferent glazes shows that apart from B-CM15Z2.5, the micro-
ig. 5. XRD patterns of B-CM15 and B-CM15Z2.5 glazes after firing at
180 ◦C.
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Table 3
Vickers micro-hardness of prepared samples and a traditional unfritted one

Composition B B-CM5 B-CM10 B-CM15Z2.5 A floor tile unfritted glaze

Micro-hardness as a coating layer (VHN) 649 ± 8 621 ± 2.5
Micro-hardness as a mono-layer (VHN) 624 ± 12.5 614 ± 3.2
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Fig. 6. SEM microstructure of B-CM15Z2.5 glass ceramic glaze.

laze.9 As already mentioned, the amount of diopside presented
n the specimens decreased with addition of ZnO. This leads
o improvement in flow ability of the residual glass phase and
hus a better glossy texture of the glaze, which is associates
ith decreasing of glass ceramic porosity and also enrichment
f the residual glass phase with the yields of diopside dissoci-
tion. It seems these events could impart in improvement of
laze micro hardness. Fig. 6 shows the SEM microstructure
f glaze (B-CM15Z2.5) after firing at 1180 ◦C for 10 min. The
icrostructure confirms considerable crystallization of the glaze
uring fast firing cycle and consisted of minor needle-like and
ajor irregular shape crystalline particles. The EDAX analy-

is showed that the composition of major phase is compatible
ith diopside (Fig. 7). The size of needle-like particles were too

Fig. 7. EDAX analysis of spherical crystals.

1

2

3

4

5

6

7

8

9

614 ± 5 732 ± 4.5 600
610 ± 13.7 717 ± 8.8 –

mall to analyzed correctly, however according to XRD results
t seems to be zirconium silicate particles.

. Conclusions

The investigation showed that although gradual addition of
aO and MgO to the base glaze increases the crystallinity of
iopside, however causes an unfired glaze surface. Addition a
ittle amount of ZnO to this high bearing CaO and MgO glaze
ecreases the crystallinity of it through solution of crystalline
hases and improves smoothness of glaze surfaces.

The prepared glass ceramic glaze had a higher micro hardness
nd also a better surface quality than the traditional glaze, which
as used in floor tile industry.
Vickers micro-hardness of glass ceramic glaze not only

epends on the type and amount of crystalline phases, but also
n the composition of residual glassy phase and porosity of the
laze surface.

Diopside is crystallized as semi-spherical and zircon as
eedle-like particles. According to our results while diopside
s crystallized at about 950 ◦C, crystallization of zirconium sil-
cate started at higher temperatures and increases continuously
p to 1180 ◦C.
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